Photoresponsive fibers based on poly(acrylamide) (PAA) with methylene blue (MB) dye were prepared. All semicircular fibers show bending towards the direction of the flat surface of the fiber when illuminated. The fibers recover their initial shape when the illumination stops. The fiber is heated upon illumination and cooled to room temperature once the illumination is stopped. The fiber also is sensitive to humidity, showing bending behavior towards the direction of the flat surface of the fiber upon changing the humidity. The mechanical energy of the PAA/MB fiber is approximately 0.6 mN for the bending direction when it is illuminated. A possible mechanism for the bending behavior is as follow: (1) the fiber is heated upon illumination because of the photothermal effect, (2) the fiber loses water molecules, (3) the fiber shrinks; bending towards the direction of the flat surface of the fiber occurs because of a difference in the shrinkage for the flat surface and the other side of the fiber. Finally, we demonstrated that a PP ball (1.5 mg) can be moved by the mechanical energy produced by the changing shape of the fiber upon illumination.
Introduction
Utilization of solar energy is a key factor for development of a sustainable society. Among a number of approaches for solar energy conversion, photomechanical energy conversion has significant advantages such as direct energy conversion from photo to mechanical, which may potentially lead to high energy conversion efficiency, no cable for working, and space-saving. Typical photomechanical materials that change shape in response to light are liquid crystalline elastomer films based on azobenzene derivatives [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . These materials show bending behavior upon illumination because the structure of azobenzene derivative molecules in the film changes from trans to cis form, which generates mechanical energy. Although these materials have attracted much attention because they can be applied as photodriven motors [9] , actuators [1, 3, 4, 6, 8, 10, 11, [15] [16] [17] , and new types of solar energy conversion systems [2, 5, 7, 11-14, 16, 18, 19], they need multiple synthetic procedures followed by rubbing to align the azobenzene molecules, which makes them impractical for many applications.
Materials exhibiting a volume change in response to light are of interest [20] [21] [22] . For example, hydrogels that show a volume change upon the application of light have been reported previously [21] [22] [23] . The basic mechanism for the volume change is a solvent absorption/desorption process. Suzuki and Tanaka reported that a polymer gel fiber consisting of polymer formed by copolymerization of N-isopropylacrylamide and N,N -methylenebisacrylamide with copper chlorophilline as a dye shows reversible volume changes upon illumination. The diameter of the fiber varies with the intensity of light [22] . Tatsuma et al. reported that hydrogels based on hygroscopic polymers such as poly(acrylamide) (PAA) and poly(acrylic acid) with metal ions, Cu + or Ag + and TiO 2 , show reversible volume changes upon illumination with visible or UV light [20, 21] . Although preparing these materials is simple, there is a drawback for their practical application, because the absorption/desorption process can only be achieved in a solvent and not in air. Another drawback is that the volume change is slow. Thus, materials showing a rapid volume change in air are desired.
In this work, we prepared photoresponsive fibers based on polymers with MB as a dye. Rapid reversible bending behavior of the fibers upon illumination and also upon humidity changes was observed. Mechanical energies for the semicircular-shaped and round-shaped PAA/MB fibers or round-shaped polystyrene (PS)/MB fibers upon illumination are measured. We finally propose a mechanism for the bending behavior of the fibers and demonstrate photomechanical energy conversion using a PAA/MB fiber and a PP ball.
Experimental Procedure
The fibers were prepared according to the previous report [23] . To obtain PAA/MB, a viscous water solution (10 mL) containing PAA (1 g, MW: 5000000-6000000, Polysciences, Inc.) was added with either MBs (32 mg, 0.1 mmol) followed by stirring for 1 h. A part of the resulting viscous liquid was anchored using a stick and then pulled up to readily form fibers of 100 to 1000 mm in diameter. The fibers were placed on a polystyrene substrate to dry for 24 h at room temperature at a humidity of 50% to obtain semicircularshaped fibers. To form round-shaped PAA/MB fiber, the fiber was prepared according to the above procedures without having been placed on the polystyrene substrate. A round PS/MB fiber was prepared according to the above procedures using PS (Mw: 350000, Aldrich) and DMF (10 mL) instead of PAA and water, respectively, without having been placed on the polystyrene substrate.
Results and Discussion
Figures 1(a) and 1(b) show thermographic images of the PAA/MB fiber before and after illumination. The fiber was fixed on the glass plate and then illuminated from the right side of the figure. The temperature of the fiber was 26.4
• C before illumination and increased to 38.5
• C at the center of the fiber after illumination. This increase of the temperature is probably because of the photo-thermal effect. The MB dye should absorb visible light because MB has an absorbance in the visible light range [23] . Then photo energy should be transformed into thermal energy. The increase of the temperature was seen every time an MB-containing fiber was illuminated; photo-bending behavior was also seen every time. This suggests that the increase in temperature and bending behavior should be related. When the light was turned off, the temperature recovered to the initial temperature and the fiber recovered to its initial shape. When we used fibers without dye, the increase of the temperature was not observed (Figures 1(c) and 1(d) ).
The fibers based on the hygroscopic polymer, PAA, clearly show changes in their shapes upon humidity changes. Figure 2 shows photographs of the fiber at 90% and 30% humidity. The shape of the fiber was bent towards the flat surface of the fiber when the humidity changed from 90% to 30%. When the humidity returned to 90%, the fiber recovered its initial shape. The change in shape of the fiber is repeatable. Rapid changes in shape of the fiber were produced by flowing dry air (humidity almost 0%); the fiber then recovered to its initial position when exposed to moist air (humidity, approximately 90%).
A differential scanning calorimetry trace for PAA/MB fiber is shown in Figure 3 . An endothermic peak was observed at 37.4
• C, which can be attributed to the loss of water molecules from the PAA fibers. The temperature of the endothermic peak is near the temperature measured at the center of the sample which is bending with illumination, 38.5
• C. The loss of weight at the temperature is also seen in thermogravimetric analysis (Supplementary Figure S1 available online at doi:10.1155/2012/574124). This implies that upon illumination, water molecules are released from the fiber.
We measured the mechanical force exerted by the semicircular shaped PAA/MB fiber when it was illuminated. First, we measured the force in the direction perpendicular to the fiber (bending force) as shown in Figure 4 (a). When the fiber was illuminated, approximately 0.6 mN was generated in this direction, with a response time of approximately 0.6 sec. Then, when the illumination was turned off, the bending force disappeared within approximately 0.7 sec. Generation and disappearance of the mechanical force can be cycled by turning the illumination on and off.
We next tried to observe the mechanical force produced by a round PAA/MB fiber in the direction parallel to the fiber upon illumination as shown in Figure 4(b) . When the fiber was illuminated, the fiber showed a small expansion within 0.2 sec and then shrank with a force of approximately 0.6 mN. For reference, a PS/MB fiber was also illuminated; this fiber expanded without the subsequent shrinkage seen in the PAA/MB fiber. These contrasting results for PAA/MB and PS/MB are probably originated from different mechanisms for generation of the mechanical force in these two fibers. For the PAA/MB fiber, we first observed a small expansion as the fiber expanded due to thermal expansion because of a photo-thermal effect. Then the fiber shrank because of loss of water molecules. In contrast, the PS/MB fiber shows only expansion, since PS is not a hygroscopic polymer, and does not show loss of water (Figure 4(c) ).
Based on the above results, we propose the following mechanism for the bending of the PAA/MB fiber as shown in Figure 5: (1) first, the fiber is heated when it is illuminated, because of the photo-thermal effect; (2) then, water molecules from the PAA/MB fiber are released to air; (3) finally, the fiber shrinks and shows bending behavior, probably as a result of different shrinkages of the flat surface and the other side of the fiber. Recovery of the shape of the fiber when the light is turned off and the fiber cools probably involves absorption of water molecules from air, and elastic recovery of the PAA. Finally, we demonstrated photomechanical energy conversion using a semi-circular PAA/MB fiber. We fixed the fiber on a glass plate, and a PP ball (1.5 mg) was placed on the substrate as shown in Figure 6 . After the fiber was illuminated, the fiber bent and pushed the ball from the right; the ball then moved, which meant that the photomechanical energy conversion was achieved.
Conclusion
In conclusion, we have prepared photoresponsive fibers based on hygroscopic polymers with MB as a dye. The fibers show bending behavior to the direction perpendicular to the fiber when illuminated. The fiber recovers its initial shape when the illumination is stopped. The fiber is heated upon illumination and cooled to room temperature once the illumination is stopped. The fiber is also sensitive to humidity, showing bending in response to humidity changes. The mechanical energy for the fiber is 0.6 mN in the bending direction when it is illuminated. A possible mechanism for the bending behavior is as follows: (1) the fiber is heated upon illumination because of the photo-thermal effect, (2) the fiber loses water molecules, and (3) the fiber exhibits shrinkage and shows bending behavior because of a difference in shrinkage between the flat surface and the other surface of the fiber. Finally, we demonstrated that a PP ball (15 mg) can be moved by the mechanical energy produced by the shape change of the fiber upon illumination.
